Restless legs syndrome (RLS) is associated with dopaminergic dysfunction, and iron deficiency, manifesting as low ferritin. However, ferritin levels do not correlate well with demographic data. Based on the hypothesis that very low ferritin can accurately reflect clinical information, we herein described characteristics and treatment efficacy of RLS patients with ferritin levels under 15 ng/mL. We retrospectively reviewed 196 patients and collected clinical data. Twenty-one patients had ferritin levels under 15 ng/mL and were compared with those having ferritin levels over 15 ng/mL. The patients with very low ferritin levels were predominantly female, had earlier onset of symptoms, and showed a superior response to iron therapy. In conclusion, RLS patients with ferritin levels under 15 ng/mL showed distinct demographic features and treatment efficacy. Further studies on more patients with long-term follow-up are warranted to support this observation.
INTRODUCTION
Restless legs syndrome (RLS) is a neurological sensorimotor disorder characterized by an urge to move the legs in a circadian pattern, usually accompanied by uncomfortable sensation [1] . Treatment is essential since RLS patients often also have insomnia, depression, and low quality of life [2] . The symptoms of RLS patients are known to derive from dopaminergic dysfunction, and brain iron deficiency manifesting as a low ferritin level, and treatments for RLS patients also target such pathomechanisms [3] . Ferritin is a key factor in iron homeostasis and may be related to the clinical manifestations of RLS. Ferritin levels have a modest inverse correlation with the severity of patients' symptoms [4, 5] . Recently, a few studies revealed that iron therapy was effective for RLS patients [6, 7] . However, previous studies have failed to show that low ferritin levels (less than 45-50 ng/mL) were associated with the demographic characteristics.
Ferritin levels have not been associated with various clinical features, possibly due to study methodology as well as iron availability to the brain. Ferritin, an iron storage protein in the pe- , Jung-Won Shin, MD 10 ripheral body and the central nervous system, is a useful indicator of iron deficiency. A systemic iron deficiency with low serum ferritin leads to decreased brain iron levels; however, the brain-specific iron deficit can also originate from the regulation of iron transport through the blood-brain barrier [8] . Cerebrospinal fluid (CSF) levels of ferritin have been shown to be decreased in RLS patients compared with controls, even when no difference in serum ferritin levels existed [9] . Furthermore, a brain autopsy study revealed a defect in the regulation of iron transport receptors in RLS, indicating impaired iron acquisition in the brain [10, 11] . Therefore, serum ferritin levels and clinical characteristics may not be directly correlated and can have complex relationships. In our clinical experience, the RLS patients with very low ferritin levels showed good responses to iron therapy, most of whom were young women, and these two were unique characteristics of the group.
Therefore, we hypothesized that ferritin levels could clearly distinguish groups of RLS patients, if the appropriate ferritin cut-off level was established. We set a cut-off ferritin level of 15 ng/mL, a value generally used for diagnosis of iron deficiency anemia [12] , for the purpose of comparing patients with very low ferritin levels to those who had not. Accordingly, we investigated the clinical characteristics and iron treatment efficacy of RLS patients with very low ferritin levels under 15 ng/mL.
METHODS
This study retrospectively reviewed the medical records of patients with RLS who visited the outpatient clinic of the Department of Neurology at Seoul National University Hospital from March 2014 to April 2018. RLS was diagnosed according to the 2003 diagnostic criteria of the International RLS Study Group [13] . Clinical data of RLS patients with serum ferritin levels under 15 ng/mL (very low ferritin, VLF group) were compared with those having ferritin levels ≥ 15 ng/mL (non-VLF group). Clinical information gathered on RLS patients consisted of demographic features, clinical presentations, laboratory tests, sleep questionnaires, and past medical history. Demographic information included age, sex, and body mass index (BMI). Clinical presentations associated with RLS were also collected. Laboratory tests included serum ferritin and hemoglobin levels. Anemia was defined as a hemoglobin level < 12 g/dL in women and < 13 g/dL in men. Sleep questionnaires included the Pittsburgh Sleep Quality Index (PSQI), Epworth Sleepiness Scale (ESS), Insomnia Severity Index (ISI), Beck Depression Inventory (BDI), International RLS study group rating scale, and RLS Quality of Life scale. Poor sleep quality was defined as a PSQI score > 5. Daytime sleepiness was measured with the ESS, and excessive daytime sleepiness was defined as a score > 10. Presence of insomnia was indicated by an ISI score higher than 14. Depressive symptoms were evaluated with the BDI, with a cutoff score of 10. Past medical history collected on patients included diabetes, hypertension, and chronic kidney disease.
For evaluating treatment efficacy of iron replacement therapy, the VLF group was compared with the low ferritin group (LF group, ferritin level between 15 and 75 ng/mL), since the recent guideline suggests intravenous (IV) iron therapy in RLS patients with ferritin ≤ 75 ng/mL [14] . If a patient underwent IV iron therapy, the injection protocol of 1000 mg infusion of ferric carboxymaltose mixed with normal saline over 30 minutes was used. The response of treatment was evaluated with the clinical global impression (CGI) rating scale at the next outpatient clinic visit. The CGI scale ranges from 1 point, indicating very much improved, to 7 points, indicating very much worse. The exact time-point of CGI evaluation was retrospectively checked. Concomitant prescriptions for RLS symptoms were also collected during IV iron infusion. This retrospective study was approved by the Institutional Review Board of Seoul National University Hospital (IRB no. 1806-168-954), and the requirement to obtain informed consent was waived.
Statistical comparison between the two groups was performed using nonparametric methods. For categorical data, a contingency table was created, and Fisher's exact test was performed. Bonferroni' s correction was applied for multiple comparisons in the number of iron treatments and treatment efficacy according to the CGI scale. In addition, ordinal logistic regression was employed to examine the independent predictors of treatment efficacy. Multivariable models included treatment efficacy (CGI scale) as a dependent variable and each group (VLF vs. LF group) as an independent variable, along with age, sex, and other comorbidities as covariates. The Mann-Whitney U-test was used for comparison of continuous variables or discrete variables, such as questionnaire scores. Data were expressed as a percentage of the available subjects or mean ± standard deviation. All statistical analyses were performed using IBM SPSS Statistics version 23.0 (IBM Co., Armonk, NY, USA), and a two-tailed p-value of less than 0.05 was considered statistically significant.
RESULTS
A total of 196 patients with RLS were enrolled in the study, 21 (11%) of whom had ferritin levels under 15 ng/mL and belonged to the VLF group (Table 1) . The patients in the VLF group were significantly younger, compared to those in the non-VLF group (age 48.4 ± 16.3 yrs vs. 61.5 ± 13.8 yrs; p < 0.001). Most of the VLF group were women; therefore, the VLF group had a significantly higher percentage of women than the non-VLF group (20 of 21, 95% vs. 102 of 175, 58%; p = 0.001). The hemoglobin levels of the VLF group were significantly lower than those of the non-VLF group (11.8 ± 1.7 g/dL vs. 13.7 ± 1.4 g/dL; p < 0.001), and there were more anemic patients in the VLF group. RLS symptoms in the VLF group occurred at younger ages (36.8 ± 18.9 yrs vs. 47.7 ± 17.3 yrs; p = 0.008). RLS symptoms were aggravated during menstruation more in the VLF group but did not reach statistical significance. BMI, RLS symptom duration, family history, and augmentation were not significantly different between the two groups. The VLF group had no special medical history, except for hypertension in two patients.
If the ferritin cut-off level was conventionally set to 45 ng/ mL, 68 of 196 patients whose ferritin levels were lower than 45 ng/mL were younger (56.5 ± 15.2 yrs vs. 62.0 ± 14.0 yrs; p = 0.009) and predominantly female (76% vs. 55%, p = 0.003), compared with patients having ferritin ≥ 45 ng/mL, but the differences between the groups were decreased. Moreover, the symptom onset was not significantly earlier (44.4 ± 17.7 yrs vs. 47.6 ± 17.8 yrs, p = 0.189) and other conditions did not differ, although aggravation of RLS symptoms during menstruation became significant at lower levels of ferritin (17% vs. 3%, p = 0.009).
The VLF group complained of poor sleep quality less than the non-VLF group (79% vs. 93%, p = 0.039), as assessed by the PSQI score. Questionnaire results regarding excessive daytime sleepiness, insomnia, and depression did not show significant differences. There was no significant difference in the RLS severity or quality of life due to RLS symptoms between the two groups. Data are presented as mean ± standard deviation or number (percentage). *p < 0.05. † Anemia was defined as a hemoglobin level < 12 g/dL in females and < 13 g/dL in males. Early-onset was defined as an onset age is less than 45 years old. ‡ Definition: Poor sleep quality, Pittsburgh Sleep Quality Index > 5; Excessive daytime sleepiness, Epworth Sleepiness Scale > 10; Insomnia, Insomnia Severity Index > 14; Depression, Beck Depression Inventory ≥ 10. BMI: body mass index, RLS: restless legs syndrome, IRLS: International RLS study group rating scale, RLS-QoL: RLS Quality of Life scale, CKD: chronic kidney disease.
Interestingly, the efficacy of iron treatment for the VLF group was superior to that for the LF group with ferritin levels between 15 and 75 ng/mL ( Table 2) . Fourteen of 21 (67%) patients in the VLF group and 51 of 100 (51%) in the LF group received IV iron therapy. Among the 65 patients who received IV iron, 48 (74%) received a single injection of ferric carboxymaltose 1000 mg, and the remaining 17 (26%) patients received 2-5 courses of injections. There was no significant difference in the doses between the two groups. Neither concomitant medications nor the time point of CGI evaluation differed between VLF and LF groups. Of the 14 patients who received IV iron therapy and were clinically evaluated in the VLF group, five were very much improved (CGI 1), three much improved (CGI 2), and four minimally improved (CGI 3). In contrast, most treated patients of the LF group had CGI scores between 2 and 4. As a result, the VLF group had a significantly better effect from IV iron treatment than the LF group (p = 0.001). After performing ordinal logistic regression analysis, the treatment efficacy of iron therapy was significantly associated with only one variable, that is, groups (beta = 0.44, 95% confidence interval 0.35-2.12, p = 0.008). Covariates such as age, sex, and other comorbidities did not affect the treatment results.
DISCUSSION
The present study classified RLS patients in relation to a ferritin cut-off level of 15 ng/mL, and demonstrated that patients with very low ferritin levels had significantly different demographics and efficacy of iron therapy, compared to those with ferritin levels over 15 ng/mL. Specifically, RLS patients with very low ferritin levels were younger and predominantly female, and symptoms began at a younger age. Moreover, IV iron treatment was more effective in patients with very low ferritin levels. These results indicate that the grouping of RLS patients by a ferritin cut-off value of 15 ng/mL was clinically meaningful.
In previous studies, the demographic characteristics of RLS patients with different ferritin levels were not apparently evaluated. One study of 18 elderly patients showed that serum ferritin levels were inversely correlated with the severity of RLS symptoms, and iron therapy was effective in patients with ferritin levels lower than a 45 ng/mL cut-off [4] . Another study set the ferritin cut-off level at 50 ng/mL, and showed that patients with low ferritin levels showed greater RLS severity, lower sleep efficiency, and more periodic leg movements with arousal [5] . Another cohort study found that a periodic limb movement index ≥ 15 was associated with low ferritin levels (≤ 50 ng/mL), after controlling for cofactors [15] . However, these studies did not consider different demographic characteristics of RLS patients Table 2 . Iron treatment efficacy of restless legs syndrome patients with very low ferritin (< 15 ng/mL) versus those with low ferritin (15- with low ferritin levels, since the studies set the cut-off level at 45-50 ng/mL, and the first study was conducted only on elderly patients. The present study collected data on all the adult RLS patients at one tertiary center and divided the patients into two groups according to a ferritin cut-off level of 15 ng/mL, then observed distinct features in the group with very low ferritin levels. When the ferritin cut-off level was set to 45 ng/mL in our study, the clear differences seen between groups when the cut-off was set to 15 ng/mL were alleviated or disappeared. In this study, the RLS patients with very low ferritin levels (< 15 ng/mL) had early-onset symptoms, female predominance, and less poor sleep quality. Using CSF or magnetic resonance image of RLS patients, Earley et al. [16, 17] found that the earlyonset RLS group had significantly lower CSF ferritin levels and lower iron index in the substantia nigra, consistent with our observations. They also showed that women had significantly lower ferritin levels than men [16] . Most epidemiologic studies have reported an RLS prevalence approximately two times higher in women than in men [2] , in accordance with the effects of menstrual iron loss during reproductive years [18] . The proportion of RLS patients reporting poor sleep quality was lower in the VLF group, although the absolute number of poor-quality sleepers was already high (79%). In the literature, more than 60% of RLS subjects complained of poor sleep quality, which was more frequent in patients with severe RLS symptoms [19] . In this study, the non-VLF group was older and had symptoms of longer duration, which may affect sleep quality results. In addition, 20-30% of the patients had excessive daytime sleepiness, approximately half of them had insomnia, and 70-80% reported a depressive mood, although these results did not differ significantly between the two groups.
RLS patients with very low ferritin levels had superior responses to iron replacement therapy. Two recent controlled studies showed the efficacy of IV iron therapy for treating RLS patients; however, these studies recruited RLS patients with a wide range of serum ferritin levels from 5 ng/mL to 153 ng/mL, and there was no relation between outcomes and pretreatment serum ferritin levels in either study [6, 7, 20] . From this evidence, the most recent guidelines for the iron treatment of RLS could not definitively set the ferritin level of a good responder [20] . Although the present study was retrospective and included anemic patients, its results can provide a good predictor of IV iron therapy efficacy in RLS patients. In the future, molecular, genetic, and pathologic studies of RLS patients with low ferritin levels are needed to correlate with the blunted serum-to-CSF ferritin relationship that suggests an alteration in the blood-brain barrier iron transport mechanism in RLS patients may affect treatment efficacy [9, 16] .
This study has several limitations. First, the number of patients in the VLF group was relatively small. Second, this study did not observe the difference in augmentation rate, although previous studies have reported that augmentation in RLS was associated with low ferritin levels [21] . This may be due to the short follow-up period of approximately twelve months. Third, limitations may be derived from the retrospective study design. For example, the time point of the CGI evaluation was different between individuals due to interval variation between outpatient clinic visits, and retrospective study design. Finally, it can be said that the VLF group in this study only reflected the characteristics of younger females with a sleep disorder, considering the high prevalence of anemia or low ferritin in females of reproductive age [12] . However, approximately half of the patients in the VLF group were not anemic and otherwise healthy. Moreover, not all the young females with anemia or low ferritin had RLS symptoms. In short, this study aimed to emphasize the demographic characteristics of the VLF group of RLS patients in a tertiary hospital.
In conclusion, we showed that RLS patients with ferritin levels under 15 ng/mL were characterized by early-onset symptoms, female predominance, and an excellent response to iron therapy. These results can provide implications for clinical evaluations and help to make therapeutic decisions for RLS patients. Further prospective studies with a large cohort of RLS patients are warranted to support these findings.
